Radiation reaction effects in the interaction of an electron bunch with a superstrong focused ultrashort laser pulse are investigated in the quantum radiation dominated regime. The angleresolved Compton scattering spectra are calculated in laser pulses of variable duration using a semi-classical description for the radiation dominated dynamics and a full quantum treatment for the emitted radiation. In dependence of the laser pulse duration we find signatures of quantum radiation reaction in the radiation spectra, which are characteristic for the focused laser beam and visible in the qualitative behaviour of both the angular spread and the spectral bandwidth of the radiation spectra. The signatures are robust with respect to the variation of the electron and laser beam parameters in a large range. They fully differ qualitatively from those in the classical radiation reaction regime and are measurable with presently available laser technology.
Radiation reaction effects in the interaction of an electron bunch with a superstrong focused ultrashort laser pulse are investigated in the quantum radiation dominated regime. The angleresolved Compton scattering spectra are calculated in laser pulses of variable duration using a semi-classical description for the radiation dominated dynamics and a full quantum treatment for the emitted radiation. In dependence of the laser pulse duration we find signatures of quantum radiation reaction in the radiation spectra, which are characteristic for the focused laser beam and visible in the qualitative behaviour of both the angular spread and the spectral bandwidth of the radiation spectra. The signatures are robust with respect to the variation of the electron and laser beam parameters in a large range. They fully differ qualitatively from those in the classical radiation reaction regime and are measurable with presently available laser technology. Recent advances of strong field laser techniques have enabled the development of novel all-optical x-/γ-ray radiation sources [1] [2] [3] , being beneficial for broad applications, see, e.g., [4, 5] . In particular, x-/γ-rays are achieved via Compton backscattering of laser radiation off a relativistic electron beam [6, 7] . In superstrong laser fields the Compton scattering acquires nonlinear characteristics due to multiple laser photon absorption [8] [9] [10] [11] . Moreover, in strong fields multiple photon emission during a laser period can be very probable. Consequently, the electron dynamics can be modified due to radiation, arising radiation reaction (RR) effects [3, 12] . Although the RR problem is discussed since the early days of classical [13] [14] [15] [16] and quantum [17] [18] [19] [20] electrodynamics, the theory has not yet been tested experimentally. The development of the Extreme Light Infrastructure [5] opens new perspectives to observe RR effects in laser-matter interaction at extreme conditions and revived the interest to this problem [3, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] .
The quantum effects in multiphoton Compton scattering (the photon recoil and spin effects) are determined by the invariant parameter χ ≡ |e| (F µν p ν ) 2 /m 3 [11, 40] , where F µν is the field tensor, p ν = (ε, p) the incoming electron 4-momentum, and e and m are the electron charge and mass, respectively (Planck units = c = 1 are used throughout). In particular, the recoil of the emitted photon can be estimated as χ ∼ ω/ε, with the emitted photon energy ω [3] and the quantum regime of radiation setting in at χ 1. Physically, the parameter χ equals the ratio χ = E ′ /E S of the laser field E ′ in the electron rest frame over the critical Schwinger field E S = m 2 /|e| [41] . The laser intensity corresponding to the Schwinger field is I S = E 2 S /(8π) ≈ 2.3 × 10 29 W/cm 2 which cannot be reached with realistic lasers [5, 42] . However, a relativistic electron counterpropagating with the laser field may experience the Schwinger field in its rest-frame E ′ ≈ 2γE, i.e., due to the Lorentz-boost of the laser field E with the Lorentz γ-factor. In this case χ ≈ 2γξω 0 /m, with the laser frequency ω 0 and the invariant laser parameter ξ ≡ |e|E/(mω 0 ).
As the probability of emitting a photon in a so-called formation length is of the order of the fine structure constant α [43] and since one laser period contains about ξ formation lengths [11] , the average number of photons emitted by an electron in a laser period is N ph ∼ αξ, and the electron energy loss due to radiation yields ∆ε ∼ αξχε. Thus, the radiation-dominated regime (RDR) can be characterized by the parameter R ≡ αξχ 1 [3] . For available petawatt infrared lasers, I
3 × 10 22 W/cm 2 [42] (ξ 200), the RDR is achievable only if χ 1, i.e., in the quantum regime of interaction. A peculiar RDR has been identified in [21] , when RR in the classical regime becomes prominent at ξ ∼ 100, though in a rather narrow range of parameters near the, so-called, reflection condition ξ ≈ 2γ. One concluded in [32] that the RR effects in the classical regime are mostly detectable through measurements of electron beam properties. Various modifications of the radiation spectrum in the quantum RDR of Compton scattering were put forward in [23, 24] which, however, are not easily discernible in an experiment and require an accurate quantitative measurement. The role of stochastic effects in the quantum RDR was further studied. Those yield an increase of the electron energy and transverse spreading [44, 45] as well as an increased output of high energy photons [23, 39] . The aim of this work is to identify signatures of RR for Compton radiation spectra in the quantum RDR, which can be easily detectable in an experiment due to distinct qualitative characteristics. The parameters R 1 and χ 1 are employed to ensure that pair production effects are negligible while quantum recoil effects remain important. We investigate features of the angle-resolved spectra of Compton radiation when an ultrarelativistic electron beam counterpropagates with a strong focused ultrashort laser pulse of variable duration. In particular, with increasing laser pulse duration the angular spread of the main photon emission region (MPER) is shown to initially rise in a narrow range due to laser focusing and then continuously decreases because of quantum RR. This unique behaviour does not exist in the classical RR regime. The spectral bandwidths of the radiation in the quantum and classical regimes both monotonously decrease when the laser pulse duration is increased, but the former is by orders of magnitude larger due to much stronger RR effects. The mentioned qualitative behaviours are observed in a broad range of laser and electron parameters. The electron dynamics including RR is described by classical equations of motion [24] , while the emitted radiation is calculated quantum mechanically [11] . The simple quasiclassical approach for the electron dynamics is justified as the electron's deBroglie wavelength is much smaller than the laser wavelength, and it allows to explore the role of the laser focusing effect in the quantum RDR.
Usually, high laser intensities are obtained by focusing a laser beam to a spot size of the order of the wavelength. When additionally the laser pulse is of duration of only few cycles, then the well known paraxial approximation [46] [47] [48] [49] [50] is not suitable for its description. In this case the small diffraction parameter (k 0 w 0 ) −1 is of the same order of magnitude as the temporal parameter (ω 0 τ 0 ) −1 , where k 0 , w 0 and τ 0 are the wave vector, the waist radius and the pulse duration of the laser beam, respectively, and the approximate solution of Maxwell equations should treat both parameters on equal footing. We consider a circularly polarized (CP) focused ultrashort laser pulse propagating along the z-direction. The field of the laser pulse is derived in Supplemental Material [51] analogous to [52] . Note that the temporal envelope of the laser beam is not factorized in this solution.
We describe RR as emission of multiple photons during the electron motion in a laser field when the electron dynamics is accordingly modified following the photon emissions. In superstrong laser fields ξ ≫ 1, the coherence length of the photon emission is much smaller than the laser wavelength [11] and the photon emission probability is determined by the local electron trajectory, consequently, by the local value of the parameter χ. The differential probability per unit phase interval is [11, 25] :
where
is the normalized emitted photon energy,χ = 3χ/2, k 0i , k i and p i are the four-vectors of the driving laser photon, the emitted photon and the electron, respectively, andω r =ω/ρ 0 with recoil parameter ρ 0 = 1 −χω (in the classical limit ρ 0 ≈ 1). The characteristic energy of the emitted photon is determined from the relationω r ∼ 1 and yields the cut-off frequency ω c ∼ χε/(2/3 + χ). The rate of the electron radiation loss is
Implementing the radiation losses due to quantum RR into the electron classical dynamics leads to the follow- ing equation of motion [25] :
where τ is the proper time, τ c ≡ 2e 2 /(3m) and I c = 2αω 2 ξ 2 is the classical radiation loss rate. To study signatures of quantum RDR, we employ electrons with an initial energy of 500 MeV to interact with counterpropagating strong laser pulses of peak intensity I ≈ 7 × 10 22 W/cm 2 (ξ = 230, χ ≈ 0.6 and R ≈ 1) with various durations. We firstly study the radiation spectra of a single electron and then proceed with the case of an electron beam. The radiation spectra in laser pulses of τ 0 = T 0 , 1.5T 0 , 5T 0 , with the laser period T 0 , are illustrated in Fig. 1 . The photon emission direction is determined by the polar angle θ with respect to the laser propagation direction and the azimuthal angle ϕ with respect to the x − z polarization plane. The distribution within 155
• ≤ θ ≤ 180
• is investigated, where the emission is mostly concentrated. The left column shows the angular distribution of the radiation energy, dε/dΩ, with the solid angle Ω. The polar angle spread for MPER (roughly the red color part) is the largest for τ 0 = 1.5T 0 , increasing when changing τ 0 = T 0 to τ 0 = 1.5T 0 , and decreasing with further rising pulse duration. For each θ, there is a relevant ϕ = ϕ m where dε/dΩ is maximal. The corresponding radiation spectrum, d
2 ε/(dωdΩ) at ϕ = ϕ m is shown in the right column. While the value of ϕ m depends on the laser carrier-envelope-phase (CEP), the spectral intensity at this phase does not.
The dependences of both angular distribution and spectral bandwidth of MPER on the laser pulse duration are summarized in Fig. 2 . The MPER is de- fined via the polar angular spread, ∆θ = 180
• − θ b , with a boundary angle θ b , where dε/dΩ| ϕ=ϕm,θ=θ b = (dε/dΩ| max )/2. The corresponding spectral bandwidth ∆ω of the radiation is defined as ∆ω = ω b − 0, with a boundary frequency ω b , where
As illustrated in Fig. 2(a) , the boundary angle θ b firstly decreases (i.e., ∆θ increases) in an ultrashort pulse range τ 0 1.5T 0 , no matter whether RR effects are included, because of the laser focusing effect (explained later in Fig. 4 ). When the laser pulse duration is further increased, the boundary angle θ b monotonously rises (i.e., ∆θ decreases) if the quantum RR effect is included (red dashed curve with square marks), and it almost remains unaltered if the RR effect is artificially removed in Eq. 2 (green dotted curve with diamond marks). In Fig. 2(b) , the spectral bandwidth ∆ω = ω b monotonously decreases with rising laser pulse duration if quantum RR is taken into account, and it is almost constant when RR is neglected. Therefore, the signatures of RR in the emission spectra are easily distinguishable. Note that if the quantum effects (quantum recoil effect and the comparatively negligible radiation effect induced by electron spin) are artificially removed, keeping however RR fully classically, the variation dynamics within the MPER remains qualitatively similar but with apparent quantitative differences (cyan solid curves with circle marks).
Furthermore, our quantitative analysis shows that the discussed signatures of quantum RDR (when R 1 and χ ∼ 1) are clearly measurable in a broad range of param- eters ξ γ 20ξ. In the extreme conditions γ ≫ ξ or γ ≪ ξ, either the electron deflection angle with respect to the laser propagation axis θ e ∼ ξ/γ is vanishing and the photon emission is mostly along a polar angle θ = 180
• , or the electron is quickly reflected by the laser pulse and emits within a very narrow angular spread near θ = 0
• . Thus, the signatures require ξ ∼ γ, and in this case the RDR regime R 1 is equivalent to the quantum regime χ 1. While the classical RR regime χ ≪ 1 is tantamount to the out-of-RDR limit R ≪ 1. Let us briefly discuss how the RR signatures considered here behave in a typical classical RR regime. We employ γ = 100 and ξ = 100 to obtain χ ≈ 10 −2 and R ≈ 10 −2 . As presented in Fig. 3 , the behaviour of the boundary angle θ b vs the pulse duration is qualitatively different from that in the quantum RDR discussed above, since the RR effect is much smaller in the classical regime. Although, the boundary frequency ω b monotonously reduces with the increase of the laser pulse as well, the magnitude of the spectral bandwidth is roughly two orders of magnitude lower than that in the quantum RDR.
To explain the properties of the MPER highlighted in Fig. 2 , the corresponding electron dynamics is analysed in Fig. 4 . The maximal value of the parameter χ reduces with the increase of the pulse duration due to RR, as shown in Fig. 4(a) . The radiation loss rate, dε/dη, follows the behaviour of the χ-parameter as expected, cf. Figs. 4(a) and (b) , which also can be analytically estimated as follows. The radiation loss in the coherence length ∆η coh ∼ 2π/ξ can be estimated as ∆ε ∼ αω c , with the emission cut-off frequency ω c ∼ mγχ/(2/3 + χ), which yields the radiation loss rate I = dε/dη ∼ ∆ε/∆η coh ∼ αω c ξ/(2π) ∝ χ 2 , in line with the numerical result. The instantaneous momentum directions of the scattered electron are presented in Fig. 4(c) , from which the photon emission direction can be deduced, because an ultrarelativistic electron emits along the momentum direction. For a longer laser pulse the angular distribution of photon emission is broader, but, the MPER only concentrates in a narrow range near the −z axis, where χ is very strong. When the electron energy approaches the condition γ ≈ ξ/2 due to radiation loss, the electron could be reflected by the laser pulse [see the loop in Fig. 4(d) ]. Consequently, the backwards emission spectra can be observed even though its intensity is rather small compared with that in the MPER, and it also exits in the classical RR regime with a much narrower parameter range [21] . The insets in Fig. 4 (c) and (d) clearly show that the polar angle corresponding to the χ-maximum is largest for the case of τ 0 = 1.5T 0 , which is consistent with the θ b -behaviour of the MPER. When the electron moves towards the laser pulse center, the ξ-parameter keeps increasing from zero to its peak, while the electron γ-factor continuously reduces due to the radiation loss. Consequently, the parameter χ ∝ ξγ achieves the maximum at an intermediate laser phase η m prior to the laser pulse peak, and, the electron transverse momentum at this moment is p ⊥m ∼ mξ(η m ). In a longer laser pulse the electron energy decrease is larger and, consequently, the χ-maximum is achieved during a longer way to the peak of the pulse, i.e., ξ(η m ) and p ⊥m ∼ mξ(η m ) are smaller, yielding a reduction of the emission angle θ ∼ p ⊥m /p m . This can be seen by comparing the two cases of τ 0 = 1.5T 0 and τ 0 = 5T 0 . However, in ultrashort pulses with duration τ 0 1.5T 0 , the variation gradient of the ξ-parameter is more significant than that of γ due to the strong focusing effect, and the former is larger in a shorter laser pulse. Thus, the laser field at the χ-maximum is larger for a shorter laser pulse. This is evident in comparing the emission boundary angle and the transverse distance at the χ-maximum for τ 0 = T 0 and τ 0 = 1.5T 0 in Fig. 4(c) and (d) . Moreover, the boundary angle θ b and frequency ω b can be analytically estimated via the polar angle of the electron momentum and the cut-off frequency ω c , respectively, at the moment when the analytical radiation loss rate dε/dη is largest (i.e., χ is maximal), as shown in Fig. 2 (black dash-dotted curves with triangle marks), which qualitatively agree with the numerical results.
We proceed discussing the signatures of quantum RR in the case of an electron bunch. Following parameters are used: an electron bunch of cylindrical shape orienting along the z axis, with a bunch length l e = 6 µm and a bunch radius w e = 3 µm, contains N e = 10 7 electrons. The angular spread of the bunch should be much smaller than ∆θ ∼ 10
• . The density of the bunch is n e = 5.9 × 10 16 cm −3 , and the relative loss of the laser energy due to Compton scattering for this electron number is estimated to be 10 −6 which justifies the external field approximation for the laser field. An electron beam of such density and an energy of 500 MeV is achievable via laser-plasma acceleration in an all-optical setup [53] . The space-charge force F C ∼ 2παn e w e will be negligible with respect to the laser force F L ∼ ξmω 0 in this case, as F C /F L ∼ 10 −8 . The dependences of θ b and ω b on the laser pulse duration for the emission of the electron bunch (blue solid curves with cross marks) in Fig. 2 remain qualitatively unaltered comparing with those of the single electron case. The RR signatures under consideration persist when the laser waist radius w 0 and the electron beam radius w e are within the limits of w 0 4λ 0 and w e w 0 /2. Moreover, we estimate the number of laser shots to collect sufficient statistics for the observation of quantum RR signatures. For instance, the total probability of photon emission in the case of τ = 5T 0 is W tot ph ≈ 39.42, while the probability for the photon emission in dε/dΩ| max and dε/dΩ| ϕ=ϕm,θ=θ b yields W and negligible.
Concluding, we have identified signatures of quantum RDR in dependence of both the angular spread and the spectral bandwidth of Compton radiation spectra on the laser pulse duration, which are distinct from those in the classical RR regime. Due to an interplay between laser beam focusing and quantum RR effects the angular spread of the main photon emission region has a prominent maximum at an intermediate pulse duration and decreases along the further increase of the pulse duration, and, the spectral bandwidth monotonously decreases with rising pulse duration. These signatures are robust and observable in a broad range of electron and laser beam parameters.
